We investigated interactions between five species of phloem-feeding aphids (Homoptera: Aphididae) and their host plants at elevated CO 2 ; Acyrthosiphon pisum (Harris) on Vicia faba L., Aphis nerii Boyer de Fonscolombe on Asclepias syriaca L., Aphis oenotherae Oestlund on Oenothera biennis L., Aulacorthum solani (Kaltenbach) on Nicotiana sylvestris Speg. & Comes and Myzus persicae (Sulzer) on Solanum dulcamara L. Host plants grown at elevated CO 2 generally had greater biomass, leaf area and C:N ratios than those grown at ambient CO 2 , while plants with aphids had lower biomass and leaf area than those without aphids.
Introduction
Over the next century, the atmospheric concentration of CO 2 is anticipated to double (Watson et al., 1996) . Profound effects on individual species and communities are expected, both as a direct result of the 'fertilizing' effect of CO 2 on plant growth, and from accompanying changes in climate.
The direct physiological effects of enriched CO 2 atmospheres for individual plant species are becoming increasingly well documented (e.g., Curtis & Wang, 1998) . Several of these effects may alter the quality and quantity of food available for insect herbivores. First, many C3 plants raised in CO 2 -enriched atmospheres have higher photosynthetic rates and grow faster, increasing the biomass of plant material available to herbivorous insects. Second, as a result of increased photosynthetic rates and faster growth, the C:N ratio in foliage generally increases, mainly due to accumulation of non-structural carbohydrates (e.g., Lindroth et al., 1995) . As nitrogen is the single most important limiting resource for phytophagous insects (Mattson, 1980) , this change alone may be the most important influence on insect performance. Third, elevated CO 2 can alter water content of foliage, leaf toughness, and concentrations of defensive chemicals (e.g., Lindroth et al., 1995) .
Over 40 experimental studies on the effects of elevated CO 2 on plant-insect interactions have been published to date (reviewed by Watt et al., 1995; Coviella & Trumble, 1999; Whittaker, 1999) . In general, chewing insects fed on foliage grown at elevated CO 2 grow more slowly, take longer to mature, suffer greater mortality, and have higher consumption rates. There is good correlative evidence that both the decline in performance and increase in consumption are due to a decline in the nutritional quality of the host plants, with the impact of elevated CO 2 on plant nitrogen explaining much of the variation in response. Despite these broad generalisations, predictions as to how elevated CO 2 will affect overall rates of herbivory are still difficult to make for several reasons. Many studies have examined the response of one or a few stages within the life cycle of an insect species (usually one or two instars in the case of lepidopterans) and the insects have often been fed excised foliage, rather than being allowed to feed on whole plants. In addition, most studies have focused solely on insect performance in isolation from plant performance. Questions such as how future increases in insect consumption rates may be offset by increases in plant biomass, for example, are largely unexplored.
In this study we focused on the effect of elevated CO 2 on five aphid-host plant combinations. We allowed insects to reproduce for several generations, and measured both insect and plant performance simultaneously. The impact of elevated CO 2 on aphid-plant interactions is of interest for several reasons. First, two aphid species, Myzus persicae (Bezemer et al., , 1999 and Aphis rumicis (Whittaker, 1999) are the only insects studied so far, in any feeding guild, whose populations have been positively influenced by elevated CO 2 . Second, aphids are generally considered to be the most important group of insect pests in temperate regions (Cammell & Knight, 1991) , inflicting direct damage by removing large quantities of sap, and indirect damage by carrying viruses (Risebrow & Dixon, 1987) . The short generation times and immense capacity for increase of these insects give them the potential for rapid responses to global change, further enhancing the pest status of some species (Harrington et al., 1995) . Third, aphid-feeding represents a continuous carbon sink (Welter, 1989) . Sink strength is considered to be one of the most important influences regulating the acclimation response of plants to elevated CO 2 (Rogers et al., 1995) . Herbivory by aphids therefore, may modify the response of plants to elevated CO 2 . While there have been several studies that have measured the impact of elevated CO 2 on aphid performance, only two have also assessed the effect of aphid herbivory on plant performance at elevated CO 2 (Salt et al., 1996; Diaz et al., 1998) .
We addressed the following questions: (1) What are the direct effects of elevated CO 2 on the biomass, leaf area, allocation patterns and nitrogen content of the host plants? (2) What are the direct effects of aphids on the biomass, leaf area, allocation patterns and nitrogen content of the host plants? (3) What are the indirect effects of elevated CO 2 on aphid populations via changes in plant biomass and composition? (4) Do aphids modify the response of their host plants to elevated CO 2 ?
Study species
The five aphid-host plant combinations used were the pea aphid Acyrthosiphon pisum on Vicia faba, the oleander aphid Aphis nerii on Asclepias syriaca, the evening primrose aphid Aphis oenotherae on Oenothera biennis, the glasshouse-potato, or foxglove aphid Aulacorthum solani on Nicotiana sylvestris, and the peach potato aphid Myzus persicae on Solanum dulcamara. The effects of elevated CO 2 on two of the species, A. solani (Awmack et al., 1997) and M. persicae (Bezemer et al., , 1999 have been examined in other studies using different host species, thus allowing us to investigate how consistently these species respond across different hosts.
Methods

Effect of elevated CO 2 on aphid and plant performance
The following basic experimental design was used for each aphid-host plant combination. Temperatures and experiment duration for each combination differed slightly (between 23 and 25 • C) because of growth requirements of the different aphid species (Table 1) . Optimal conditions for each species were determined either from published studies or, when these were unavailable, from pilot experiments. Our aim was to maintain each aphid species under conditions that resulted in continuous, parthenogenetic, reproduction of mainly apterous (wingless) viviparae. Stock colonies were maintained at ambient CO 2 on the same host plant species and under the same conditions of temperature, humidity and photoperiod used in the experiment for the particular aphid species. During each experiment, plants were grown in either six glasshouse modules (O. biennis) or six glass-sided chambers (all other species). Three of the modules or chambers were assigned randomly to ambient (350 µl −L ) and three to elevated (700 µL −L ) CO 2 . The control system for both the modules and chambers allowed atmospheric CO 2 concentrations, air temperatures and relative humidity to be monitored independently. CO 2 was controlled through an automatic monitoring and injection system using a LiCor 6251 infrared gas analyzer (IRGA, Licor, Lincoln, NE). Relative humidity was controlled by a Mee Industries Inc. fog injection system and was maintained at approximately 60-70%. CO 2 , temperature, and humidity control for the modules and chambers were linked to a common software-based control system (Lander Control Systems Inc. Ontario, Canada). All experiments were conducted under natural photoperiod with natural illumination supplemented by High Density Discharge lights suspended over the module benches and chambers, providing light levels of 1800 µmol m −2 s −1 at bench level.
Excess plants were germinated for each experiment within the same chambers or modules in which the experiment would be conducted. Seedlings were transplanted to individual 1.8 l pots and watered daily. At the beginning of each experiment a subset of the most uniform plants was selected and half the plants (see Table 1 for number of replicates) within each chamber or module were randomly assigned to receive aphids. The initial aphid infestation (n = 15) on each plant was a mixture of adults and final instar nymphs. All plants were caged individually in lightweight netting supported by stakes and were checked periodically to ensure no aphids had infested the control plants. Plants were randomly repositioned within each module or chamber every 3-4 days. Each experiment was terminated when aphid numbers on each plant had reached at least 200, but before any plants had either flowered or died. At the end of each experiment aphids were removed and counted and the proportion of alate to apterous individuals recorded. Plants were then separated into above and below ground parts. Total leaf area was measured for each plant and then all plant parts were dried at 70 • C and weighed. Carbon:nitrogen ratios of above ground plant parts were measured with a Europa CNH Analyzer (Model ANCA-nt, Europa Elemental Instruments, England).
Statistical analysis
Direct effects of CO 2 and aphids on plants. The effects of CO 2 and aphids on total biomass, total leaf area, % above ground biomass, % nitrogen and C:N ratios of the host plants were analyzed by three factor ANOVAs using a split-plot design with CO 2 and block (pair of adjacent modules or chambers) as the main effects and aphid presence as the sub-plot effect. Biomass data were ln transformed and percentage data were arcsine transformed to satisfy assumptions of normality for ANOVA.
Indirect effects of CO 2 on aphid populations. The effects of CO 2 treatment on aphid abundance and proportion of alate individuals were analyzed by two factor ANOVAs using a randomized complete block design with CO 2 as a fixed and block as a random factor. Data were ln or arcsine transformed where appropriate to satisfy assumptions of normality. The relationship between aphid abundance and nitrogen content of the plants was analyzed using regressions. To test whether the relationship between aphid abundance and nitrogen content was different between CO 2 treatments we used ANCOVA with nitrogen content as the co-variate; a significant interaction between the co-variate and CO 2 level indicated that CO 2 level modified the response of aphids to nitrogen content.
Modification of plant response to CO 2 by aphids. We performed separate analyses to test if either the (i) presence or (ii) abundance of aphids modified the response of plants to elevated CO 2 . The effect of aphid presence on total biomass, total leaf area, and % above ground biomass was tested by ANOVA (split-plot design with CO 2 and blocks as the main plot effects and aphid presence as the sub-plot effect). The effect of aphid abundance was tested by ANCOVA using aphid numbers on each plant as the co-variate. A significant interaction between the co-variate and CO 2 treatment indicated that aphids modified plant responses to CO 2 . (Figure 1) . Total leaf area under elevated CO 2 increased signficantly only in A. syriaca and S. dulcamara (Figure 2) . The percentage of aboveground biomass decreased significantly in A. syriaca and O. biennis at elevated CO 2 (Figure 3 ). Percentage foliar nitrogen was signficantly decreased, and C:N ratios signficantly increased, in all species except O. biennis (Figure 4 ).
Results
Direct effects of elevated CO
Direct effects of aphids on host plants.
Aphids had significant negative effects on the biomass and leaf area of all host plant species at both ambient and elevated CO 2 (Figures 1 and 2) . A. nerii was the only aphid species to significantly affect (increase) the % allocation to above ground biomass (Figure 3) . Aphids did not significantly affect nitrogen concentration or C:N ratios in any of the plant species.
Indirect effects of elevated CO 2 on aphid populations.
The responses of aphid populations to elevated CO 2 were highly species-specific ( Figure 5 ). Populations of A. pisum were reduced by over 60% at elevated CO 2 . In contrast, populations of M. persicae increased by 120% at elevated CO 2 . CO 2 treatment did not significantly affect the populations of the remaining three species. Some winged adults were produced by all the aphid species except M. persicae, but the proportion of winged to wingless was not affected by CO 2 treatment.
Aphid numbers were significantly related to % nitrogen in the plant tissues only in A. pisum (ambient CO 2 : P = 0.0401, r 2 = 0.19), and in A. solani (elevated CO 2 : P < 0.0001, r 2 = 0.572; both CO 2 levels combined: P = 0.0008, r 2 = 0.205). A. solani was the only species for which the relationship between aphid numbers and % nitrogen differed between CO 2 treatments, with the slope at elevated CO 2 being significantly steeper (slope at ambient CO 2 ± 95% c.l. = 1.23 ± 4.29, elevated CO 2 = 18.23 ± 6.71).
Modification of plant response to elevated CO 2 by aphids. We performed separate analyses to test whether the (i) presence and (ii) abundance of aphids modified the response of plants to elevated CO 2 . The interaction between CO 2 and aphid presence on total biomass was significant only for A. solani, (Figure 1) ; in this pair the presence of aphids slightly dampened the response of plant biomass to elevated CO 2 . M. persicae was the only aphid for which there was a significant interaction between CO 2 and aphid presence on leaf area and % above ground biomass (Figures 2 and  3) . We used aphid abundance as a co-variate in ANCOVAs testing the effect of CO 2 level on plant responses. A. nerii was the only aphid species whose abundance significantly modified the plant response to CO 2 in terms of total leaf area and % above ground biomass (Figures 2 and 3) . Aphid abundance did not modify the response of total biomass to CO 2 treatment for any species.
Discussion
Direct effects of CO 2 and aphids on plants. As separate treatments, both CO 2 level and aphid presence had the expected effects on plant growth. Elevated CO 2 generally enhanced biomass and leaf area, but had variable effects on root/shoot allocation, consistent with most other studies (e.g., Curtis & Wang, 1998) . The negative effects of aphids on plant growth were generally greater than the positive effects of CO 2 under the experimental conditions used, with all plant species suffering substantial reductions in total biomass and leaf area. The magnitude of aphid damage in these experiments was not surprising, given that the aphids were kept under constant optimal conditions and were not subject to natural enemies. Nonetheless, comparable aphid densities in the field have been found (e.g., Dixon et al., 1993) , indicating that future effects of elevated CO 2 on some plant species may be relatively small compared to the effects of insect herbivores.
None of the aphid species significantly affected either % N or C:N ratios in the host plants. This is consistent with the findings of most other studies (e.g., Hawkins et al., 1986) , that aphids do not preferentially remove nitrogen from the phloem sap.
Indirect effects of CO 2 on aphid performance. The effects of elevated CO 2 on aphid populations varied substantially among the five species tested, with one being negatively affected, another positively affected, and with no significant effects found for the remaining three. Production of alate forms was not signficantly affected by CO 2 treatment. It should be noted here that this study measured only final aphid populations at harvest, rather than estimating short-term indicators of performance such as daily reproductive rate. Several studies that have measured both short-and longer-term aspects of aphid performance have found inconsistencies in the direction of reponse at elevated CO 2 (e.g., Docherty et al., 1997) . Given these inconsistencies, the longer term measurement of population size after several generations, which integrates the effect of CO 2 on many life history processes, will be a better predictor of future effects than shorter term estimates.
This study brings the number of identified aphid species investigated for responses to elevated CO 2 to a total of 14. Our main conclusion is that, at a population level, elevated CO 2 has not had substantial effects on the majority of aphid species tested. In the 12 species for which population measurements have been made, elevated CO 2 has not had a significant effect on eight: A. nerii, A. oenotherae, A. solani (this study), Aphis fabae fabae, Pemphigus populitransversus (Salt et al., 1996) , Brevicoryne brassicae (Smith, 1996; Bezemer et al., 1999) , Phyllaphis fagi (Docherty et al., 1997) , and Sitobion avenae (Diaz et al., 1998) . Two species have been negatively affected, A. pisum in the present study, and Rhopalosiphum padi (Newman et al., 1999) , plus an unidentified species infecting wheat in a study by Thompson et al. (1993) . M. persicae (this study, Bezemer et al., , 1999 and Aphis rumicis (Whittaker, 1999) are the only species found to be significantly advantaged at elevated CO 2 .
Given that elevated CO 2 consistently reduces foliar N content and increases C:N ratios, and that foliar N is usually correlated with both the nitrogen content of phloem sap and aphid performance (e.g., Dixon et al., 1993) , why have the majority of aphid species tested not been negatively affected by elevated CO 2 in the same way as most leaf chewers? Three possible explanations, acting singly, or in combination, seem plausible. First, the negative effects of elevated CO 2 on plant nitrogen may be outweighed by positive effects on some other plant characteristic(s). Any factor that affects nitrogen content will also affect the concentrations of other nutrients, pH, phloem pressure, leaf toughness and defensive chemicals. Salt et al. (1996) and Docherty et al. (1997) , have also speculated that aphids may be affected by an increase in leaf surface temperature at elevated CO 2 (Idso et al., 1993) , or by changes in partitioning and sap flow rates in the plant (Girousse & Bournoville, 1994) .
Second, changes in the ratio of soluble nitrogen to sugars or the partitioning of the soluble nitrogen pool into different fractions may be as, or more, important than changes in total nitrogen. Evidence from both field studies and laboratory experiments using artificial diets indicates that different aphid species have specific requirements for certain amino acids (e.g., Risebrow & Dixon, 1987) . Aphids also respond to the ratio between sugars and soluble nitrogen in their diet (Braun and Flückiger, 1989) . The effect of elevated CO 2 on phloem composition will therefore be important for the performance of individual aphid species though unfortunately there are scant data available. In general, amino acids in phloem sap have been found to decline at elevated CO 2 (Wang & Nobel, 1995; Docherty et al., 1997) , but data on a wider range of plant species will be needed to understand speciesspecific differences in response of aphids to elevated CO 2 .
A third possible reason why most aphid species are not negatively affected at high CO 2 is that they may be able to compensate adequately for CO 2 -induced changes in nutritional quality by altering the position on the plant where they feed, the rate of uptake, or post-ingestive metabolism (Abisgold et al., 1994) . Such compensatory responses may serve as a future buffer against variation in host plant quality as a result of changes in atmospheric CO 2 concentration. 
Interaction of aphids and CO 2
Will the response of plants to elevated CO 2 in the future be modified by the presence of herbivores? Laboratory feeding studies in which insects increased consumption rates when fed excised foliage from plants grown at elevated CO 2 have led to speculation that damage by herbivores may increase in the future. When insect and plant performance at elevated CO 2 has been assessed simultaneously, however, the general conclusion has been that increases in plant biomass at elevated CO 2 more than compensate for increased insect consumption (Caulfield & Bunce 1994; Salt et al., 1995; Hughes & Bazzaz, 1997) .
There is little evidence from this study that aphids substantially modified the response of their host plants to elevated CO 2 . When the effect of aphid presence is considered, only three of the 15 possible interactions between aphids and plant characteristics (five aphid species × three plant traits) were significant. When aphid abundance was taken into account, only two of the possible 15 interactions were significant. These results are consistent with those of the two other studies in which both aphid and plant performance has been measured simultaneously under elevated CO 2 (Salt et al., 1996; Diaz et al., 1998) .
Conclusions
Simultaneous measurements of both insect and plant responses to elevated CO 2 are important to generate predictions as to how levels of insect herbivory may change in the future. As separate treatments, we found that elevated CO 2 had the expected positive effect, and aphids the expected negative effect, on plant biomass and leaf area. There were substantial differences between the performance of different aphid species at elevated CO 2 but, taken together with results from other studies, our overall conclusion is that elevated CO 2 may not have substantial effects on most aphid populations in the future. The already serious pest, M. persicae, appears to be an exception to this generalisation. The reasons for the lack of effects under elevated CO 2 for most species include the possibility that phloem-feeders can compensate for changes in ni- trogen concentrations by altering feeding behaviour or by synthesizing amino acids with the aid of symbionts, at least on the scale at which elevated CO 2 affects plant quality. In addition, there is little evidence from this and other studies that aphids will substantially modify the response of plants to elevated CO 2 .
